Introduction
Singapore is a small but densely populated island with 4.1 million people on 682 km 2 of land. 1 It has one of the highest incidences of lightning activity in the world with an average of 171 thunderstorm-days (days when thunder is heard) recorded annually. 2 Lightning fatality rate on average is 1.7 deaths per million in Singapore while the corresponding rates are 0.6 in the United States, 0.2 in the United Kingdom and 1.5 in South Africa. 2 Various institutions with activities prone to lightning strike have recognised the problem and instituted preventive measures that have resulted in a decline of lightning related injuries. However, we still see sporadic cases of such injuries.
Although lightning related injuries are encountered infrequently, health care providers should be aware of the special problems in the acute management of life threatening lightning injuries. 3 There is no welldefined protocol for handling lightning related injuries, especially those with minor injuries. Practices differ in different institutions.
Materials and methods
This is a 5-year case series study of patients with lightning injury seen at Changi General Hospital Accident and Emergency (A&E) department. Cases of lightning strike injuries under the International Classification of Disease diagnosis code of E907 were collected from July 1997 to June 2002. The bio-data, mechanism of injury, presentation, investigations conducted and management of the cases were studied. Two-thirds of the patients did not require follow-up. The longest follow-up was two years.
Results
There were a total of 24 subjects collected for the period of five years. There were 21 males (87.5%) and three females (12.5%) in the sample. (Table 1) The ethnic composition was quite varied with six Malays, six Indians, five Chinese and one to two each of Caucasian, Filipino, Bangladeshi, Thai and Sikh, reflecting the foreign worker composition of the workforce (58% of the group were foreigners). A high percentage (79.2%) of them were in the age range of 20-40 years old. (Table 2) More than 54% of the incidents occurred during the 12:00 to 18:00 hours period. (Table 3 ) Most of the incidents occurred between the months of March to May (10 out of 24) and between October and November (8 out of 24). Table 5 . Disposal of patients seen at A&E
Disposal Number
Observed and discharged from the A&E 6
Admitted 1 day 9
Admitted 2 days 6
Admitted >2 days 2
Died 1

Total 24
There were a total of 20 casualties who sustained lightning injuries while at work (Table 1) . Nine of the incidents occurred at the airport, eight were at construction sites, two were in a garden and the last one occurred in a nearby Indonesian Island of Bintan while the casualty was on the phone.
The injuries sustained by most lightning casualties were minor and required short (1 to 2 days) or no hospital stay (87.5%). (Tables 4 and 5 )
Location of incidents
Airport related
In airport related lightning injuries, three of the technicians were wearing earphones connected to the plane while they were on the tarmac. This occurred in two separate incidents with one incident involving two technicians. Two of them felt an electric current flowing through their bodies with one of them having ear pain and the other sustaining mild superficial burn to his left palm. The remaining technician heard a loud noise in the earphone and complained of fright. There were no significant injuries to all their ears. All three were admitted for a day for observation.
There were four casualties who were in contact with the plane when lightning struck the plane. They were either working on the plane or handling some metal parts of the plane when the incident occurred. Three of the casualties were involved in the same incident. Two of them were admitted to the hospital for a day each and the third was discharged from the A&E. They had temporary numbness and weakness of either one side of the body (1 patient) or just involving the lower limbs (2 patients) and the deficits all lasted from a short moment to a few hours. One of them fell and had mild injury to his ankle and elbow. The remaining casualty involved in a separate incident had chest discomfort which was found to be musculoskeletal in nature and was discharged from the A&E.
One patient was pushing a trolley at the airport in the rain in the open when lightning struck the trolley. He had mild paresthesia of his hand. He was discharged from the A&E.
The remaining attendee was in the open when he felt a jolt and saw a flash. He did not sustain any injury but was frightened and disturbed psychologically by the lightning strike. He was not admitted.
Construction site related
In the construction site related injuries, six of the workers were in contact with a crane when lightning struck the crane. In two incidents there were two workers each involved in the incidents while the remaining two incidents involved only one worker each. Five of them were admitted for two days and the remaining one for one day. Four of the casualties fell backwards after the lightning struck the crane. One of them hit his head but did not lose consciousness while another had backache. Most of the injuries were temporary neurological deficits: aphasia (1 patient), sensory and motor deficits involving one upper limb (2), one side of body (3), bilateral lower limb weakness (1) and loss of consciousness (1) .
The other two workers were holding some metal parts when the lightning struck. One of them was holding an umbrella while doing piling work in the rain. He presented three days later with knee pain after lightning struck his left knee and he lost consciousness for five minutes. The other was holding steel cables when lightning struck the cable. He fell from one storey height and had loss of consciousness and motor and sensory deficit of his left upper limb which resolved after two-and-a half hours. They were admitted for one and two days respectively.
Miscellaneous work-related
Two workers were doing gardening work (grasscutting) in the rain when lightning struck in the same incident. One of them died after he was hit directly on the head and the other sustained acute stress reaction and was hospitalised for 24 days. He was on prolonged psychiatric follow-up after discharge.
Interestingly there was one case involving a recreation manager of a beach resort in Bintan (an island of Indonesia about one to two hours boat ride from Singapore). He was on the phone when the lightning struck. He heard the thunder and then saw a white flash and felt an electric current flowing from his left hand and ear to his body and leg. He dropped down but was immediately supported by his colleague. He had momentary loss of consciousness as well as numbness and tingling sensation over his whole body. There was residual paresthesia on the fingers when he arrived at the A&E a few hours later. He was admitted for one day and discharged well.
Non-work related
There were four casualties that had non-work related lightning strike injuries. Two of them were playing golf at the same place when the incident occurred, one was walking in the rain with an umbrella and the last one was hanging out clothes at home (in an apartment) when the incident occurred.
Of the two golfers, one collapsed and had to be resuscitated. The other golfer was standing 10-15 meters away in a sand bunker about 0.5 meters below the level where the first casualty stood. She had the golf club knocked out of her hand and she had transient numbness of the left upper limb. She was admitted for two days.
The non-recreation related injuries were both mild.
One had transient numbness of her arm while the other had transient weakness and numbness of her upper limb. Both did not require admission.
Morbidity and mortality
One case of mortality There was one death recorded. He was a 25-year-old Bangladeshi male worker who was cutting grass in a garden while it was raining when he was struck directly by lightning. There was an entry burn mark at the frontal region of his head. No bystander cardiopulmonary resuscitation was attempted. When the ambulance service arrived, he was in asystole. Cardiopulmonary resuscitation was started there and continued en-route to the hospital. He arrived at the hospital almost 40 minutes after the incident. He was still in asystole and he was intubated and advanced cardiac life support resuscitation was continued. There was no response and he was pronounced dead after 20 minutes of resuscitation.
One case of long-term psychiatric disturbance
This 26-year-old Bangladeshi worker was working beside the case of mortality described above. He saw the lightning strike, lost consciousness for ten minutes and became hysterical afterwards. He was holding the temporal region of his head on arrival at the hospital. He was admitted and stayed for a total of 24 days in the hospital. He had no significant physical injuries. Blood and X-ray investigations were essentially normal. While in the ward he had multiple somatic complaints of headache, backache and sensation of cockroaches crawling in his head. He had an electroencephalogram and a magnetic resonance imaging scan of his head done, both of which were normal.
He was followed up by the psychiatrist and was diagnosed to have acute stress reaction following lightning strike. He was treated for depression and psychosis. He develops severe headache each time lightning occurs. He is still on follow-up two years after the incident and has not yet been able to get back to work at the time of our writing. He is awaiting repatriation back to his own country.
One case of collapse with life-threatening arrhythmia
This patient was a 55-year-old Chinese man who had no co-morbidity. He was standing on the 'green' playing golf when he was struck by lightning at 14:50 hours. He went into cardio-respiratory arrest and had bystander cardiopulmonary resuscitation done by a doctor who was also golfing there. The ambulance ser vice arrived shor tly and cardiopulmonar y resuscitation was continued en-route to the hospital. He was found to have ventricular fibrillation and pulseless ventricular tachycardia and had defibrillation shock five times en-route.
On arrival at the A&E, he had a palpable carotid pulse but a Glasgow Coma Scale Score of 3 and no respiratory effort. The pupils were 4 mm in diameter, equal and reactive and he had extensive erythema over the anterior chest, abdomen and bilateral knees. He was intubated, ventilated and admitted to the Intensive Care Unit. He did not develop any further arrhythmia in the hospital. Only mild erythema was still present at the lower abdomen by the time he arrived at the ward.
There was no entry or exit wound noted. His complications included fractured ribs with a flail chest from cardiopulmonary chest compression, anoxic brain damage, perforated left eardrum, numbness of the right hand and depression from post-traumatic stress disorder. He did not develop rhabdomyolysis or renal failure although the creatine kinase rose to a high level of 2,400 U/L (upper limit of normal 164 U/L). He was ventilated for 12 days and discharged after 45 days of hospital stay. A psychological assessment two months after the incident showed slight deterioration in intellectual and memory function. He was treated for mild depression and improved except that he was noted to be more temperamental. By the fourth month after the incident he was able to do light jogging and his main deficit was mild numbness of his right hand attributed to lightning injury to the brachial plexus. He was lost to follow up afterwards.
Patients with minor injuries
There was an overlap of injury pattern amongst the remaining 21 patients who had minor injuries. ( Table 6 ) Below is a summar y of the injuries sustained.
Sixteen patients had a variety of overlapping neurological complaints which were all transient lasting from a short moment to a few hours. There was one case with aphasia. Twelve patients had sensory symptoms like paresthesia and numbness with involvement of one upper limb only (6 patients), involvement of the upper and lower limbs and body on the same side (5) and just involving both lower limbs (1). Four patients had motor neurological deficits of varying degree of one upper limb (1), upper and lower limbs on the same side (1) and only the two lower limbs (2). There were four cases with reported loss of consciousness.
Trauma related injuries included being thrown to the floor and sustaining injury in four cases. One patient fell from a significant height of one storey and had back contusion and loss of consciousness. The other three patients who fell sustained stable head injury, backache, ankle and elbow injury respectively after the fall. There were three cases with injuries not related to falls and they had ear pain, knee pain and musculoskeletal chest pain.
For the cardiovascular system, there was only one patient with frequent premature ventricular complexes on electrocardiogram. This resolved shortly after he was admitted. He stayed for two days with telemetry monitoring and was discharged well. Another patient had transient hypotension in the A&E, which resolved after infusion of normal saline. The electrocardiogram was normal. Subsequent investigation and follow up did not reveal any abnormality to account for the transient hypotension. None of the other patients who were admitted had arrhythmia detected while they were in hospital. (Table 7) Two attendees did not have any physical injury documented but were psychologically affected. They complained of shock and fright after the thunderbolt and lightning flash and came to the A&E because of suspected lightning strike injury.
The only burn injury sustained was in one patient with superficial erythema on the palm. None of the patients had the typical Lichtenberg figures.
No case with long-term sequel or rhabdomyolysis with myoglobinuria was documented. Only one patient had a creatine kinase of 2,400 U/L but no myoglobinuria was detected. (Table 8 ) 
Discussion
Most of the studies done on lightning injuries involved single cases, case series and reviews of these collected cases. These studies focused on the type of injuries sustained and the fatalities associated with lightning strike.
The only local study on lightning deaths in Singapore was by Chao et al 4 in which they studied 80 deaths in a 24 year period from 1956 to 1979. Seventy-four percent of the deaths had burns to the head, face and neck and 70% of them had the characteristic Lichtenberg figures (these are er ythematous arborizations typically seen in lightning injured victims). All the deaths occurred in partially sheltered areas and open fields. Carte et al 5 described in a recent article the pattern of lightning injuries involving 28 people sleeping in the same tent when lightning struck the tent. Twenty-three persons suffered injuries including burns (23 patients), cataracts (8), macular holes (4), tympanic membrane ruptures (2) and skull fractures (2). There were four deaths. Cherington et al 6 described a patient who was struck by a 'bolt from the blue' who sustained cardiac arrest but received immediate bystander cardiopulmonary resuscitation followed by defibrillation and intubation. This patient survived but had hypoxic encephalopathy and residual neurological impairment.
Wetli analysed 45 victims of fatal lightning strike. 7 The terminal cardiac rhythm of ventricular fibrillation was present in 50% and asystole was found in 40%. Nearly one-third had pathognomonic patterns of erythematous arborization and all but four had cutaneous injuries. When examined, tympanic membranes were found to be ruptured in >80% of the casualties.
A case of lightning accident with eight victims was presented by Graber et al. 8 The patients presented with typical injuries, such as cardiocirculatory arrest, apnoea, burns, lightning paralysis, and rupture of internal organs. They concluded that there would be a relatively good prognosis after cardiac arrest caused by lightning strike if immediate, competent and probably prolonged cardiopulmonary resuscitation was carried out.
Lightning incident profile
In this study, the people at highest risk of lightning strike injuries were young males (below 40 years old) who worked at construction sites and airports. A significant proportion of them were foreigners (58%). These are two high risk occupations as they are mainly outdoor in nature and unsheltered. Chao et al 4 also found a higher proportion of lightning deaths in the younger population but the trend of increasing recreation/work ratio found in his study was not borne out in this study.
Most of the lightning injuries (75%) occurred in the two peak periods of March to May and October to November. This corresponded to the pattern and frequency of 'thunder-days' according to months which show a peak in April to May and in November. 2 The least number of monthly thunder-days occurs in the months of January and February.
More than 58% of the incidents occurred during the 12:00 to 18:00 hours period, which corresponded to the fact that thunderstorms were most likely to occur between 14:00 to 18:00 hours each day. 2 Holle et al 9 also found that two-thirds of the casualties occurred In this study, there were five incidents of two casualties each and one incident of three casualties while the remaining 11 incidents were single casualty incidents. Holle et al 9 also found that the most common situation was for only one victim to occur in a lightning incident. In death incidents, 91% had one death while in cases of injuries, 68% had one injur y. The prevalence of single casualty incidents reinforces the need for lightning safety education so that individuals can take precaution to avoid such accidents.
A number of airport related incidents were present in the small sample because of the proximity of the hospital to the International Airport in Singapore. Large aircraft serves as easy conduit for lightning. Workers near or in direct contact with aircraft in a lightning strike would have some current passing through them either through direct contact or side flash. Interestingly, earphones connected to the aircraft were also a source of lightning injury because they conduct electricity more easily than rubber tyres. These casualties were not on the plane but were on the ground. This has not been noted before in other case reports.
Aircraft have strict lightning certification test ensuring that lightning current remains in the exterior 'skin' of the aircraft and that cables and equipment are protected by careful shielding, grounding and the application of surge suppression devices. 10 However, this does not prevent lightning injuries on workers working on stationary aircraft while handling aircraft parts or wearing headphones connected to aircraft from lightning injuries. Therefore, the precaution of working under lightning-prone weather should be further reinforced.
Worksite lightning strike injuries also have a higher frequency of being crane related because cranes are tall masses of metal that attract lightning. Hence, workers in contact or in close proximity with cranes would inevitably become casualties in a lightning strike.
The Singapore Armed Forces have delineated certain weather conditions when troop training in the open will be cancelled because of lightning strike risk. Their forecast is obtained from the Meteorological Service of Singapore, which provides continuous monitoring and forecast of lightning risk over 19 sectors of the island. 11 They are able to monitor development and movements of lightning activities within a 250 kilometer-range of Singapore. 2 Lightning prone institutions should adopt a similar system for warning workers. A safety officer could be appointed who would monitor the weather forecast from the Meteorological Service and sound the alarm when the risk is high and order that activities be curtailed.
Only two cases of golfing injury were present in this series. It is well known that golfers are at higher risk because of the open field where the game is played in and the use of metallic golf clubs that are easy conduits for lightning strike. Golf clubs in Singapore are required to install electronic detection devices and give out warning sirens when the weather turns bad. In addition, other authors have recommended that vans and buses should be provided for players and spectators in golf clubs in the event that a lightning storm warning is made. 12, 13 There was only one case of telephone related lightning injury in this series. One study done in Australia showed the prevalence of this problem there. 14 However, this incident happened on the island of Bintan (Indonesia) and so its implication for local telephone infrastructure safety could not be drawn.
Injury to workers and those involved in recreational activities with high lightning strike risk can be potentially reduced with lightning precaution policies and better education. 12, 15 They should be taught lightning safety rules and advised to take precautions for their own safety. Anybody hearing thunder and seeing lightning is potentially at risk.
Lightning injury spectrum
Three serious cases were identified in this study and they were related to either playing golf in the open field or working in gardens without taller electricity conducting structures around. This was also the finding of Chao et al 4 who found that all the fatalities occurred in partially sheltered and open areas.
One case was a direct hit on the head and the patient died. Direct hit with burns to the head has been correlated with a higher incidence of cardiac arrest and death. 4, 16 Unfortunately, in this case there was no bystander cardiopulmonary resuscitation. Mortality figures in other studies were higher from 14% to 30%. 5, 16 This might be because our study did not include those who sustained fatal lightning injury and died at scene. These victims would not be brought to the A&E.
Our patient who survived a serious lightning strike had early bystander cardiopulmonary resuscitation and defibrillation for the ventricular fibrillation/ tachycardia. This survivor was comparable to the case described by Cherington 6 in whom resuscitative treatment was readily available. Fortunately in our patient, the residual memory and intellectual deficit were minimal. There was no evidence of a direct strike in this patient which would have increased the chance of fatality.
Patients either die from primary cardiac arrest or secondary cardiac arrest from respiratory arrest. Ventricular fibrillation is a common cardiac arrhythmia that results from lightning strike and it is treatable with conventional advanced cardiac life support (ACLS) protocols. 3, 7, 17 Respiratory arrest commonly occurs with medullary respiratory function paralysis that will recover after a while. The important thing to do in the intervening period is to support the ventilation. 3, 18 Moreover, pupillary paralysis can occur in lightning injury and therefore this cannot be used as an indicator of brain death. 8, 18 Survival rate will be significantly improved with early resuscitative efforts because most of the victims are young and without preexisting cardiopulmonary disease and the effect of lightning injury to the heart and brain is temporary. 6, 8 The 2000 American Heart Association guidelines for cardiopulmonar y resuscitation recommended vigorous resuscitative measures even for those who appear dead on initial evaluation. 3 The highest priority should be given to those in respiratory and cardiac arrest. 18, 19 However, it has not been shown that prolonged resuscitation improves survival rate.
Cardiovascular effects of lightning strike appear to be transient and occur at the time of the incident. This is because the heart is normal to start with, unlike that in patients with coronary heart disease. In our case with ventricular fibrillation that was treated, no repeated arrhythmia occurred. The minor cases that were admitted and were on telemetry did not show any arrhythmia either. A study by Lichtenberg 20 showed that abnormal echocardiograms were seen only in victims of a direct hit and the cardiac effect was reversible within two weeks.
Therefore, cardiopulmonary resuscitation should be initiated in victims of lightning strike even if they appear to be dead because the injuries are potentially reversible. 3, 8, 17 Our study showed two cases of significant acute stress reaction with depression. One of them recovered quite remarkably while the other suffered prolonged depression. There were two other minor cases of psychological disturbance because of being near to a lightning strike. Psychiatric disturbance tends to be under-reported and there are no substantial studies in this area. van Zomeran et al 21 described six cases of lightning strike who had loss of consciousness and amnesia. Fatigue and lack of energy were their main complaints in addition to poor concentration, irritability and emotional lability. Two patients were classified as depressed and one of them showed convincing signs of post-traumatic stress disorder. Although only two cases with significant psychiatric disturbance were present in our sample, the prevalence could be more if those who sustained minor injuries were followed up for psychiatric and psychological disturbance.
Only three cases of burns were recorded. None of the cases had the classical Lichtenberg figures. One of the patients had a direct hit and had burns to the head. This patient died. The second patient had minor burns to the palm and the third patient had extensive erythema over his chest and abdomen which resolved after a few hours. Other case series had higher incidences of burns 4, 5, 7, 16 (two of the studies were postmortem studies 4, 7 and the other two studies had a mortality rate of at least 20% 5, 16 ). This could be because burns were associated with incidents of higher morbidity and mortality while this sample only recorded two cases with serious physical injuries.
Temporary neurological deficits ranging from aphasia, loss of consciousness to sensory and motor deficits have been recorded in other studies. 8, 16, 22 Of interest is the fact that in the absence of eye witnesses and the patient having a history of trauma and retrograde amnesia, other causes of neurological deficit have to be ruled out. Patients presenting with paraplegic or tetraplegic patterns of neurological deficits may have a significant spinal cord injury. Those with a hemiplegic deficit pattern may have a cerebrovascular accident. The patients should be managed as such until radiological investigations and the progress of patients indicate otherwise. Therefore, those who sustained neurological deficits and traumatic injuries should be treated with spinal immobilisation and head injury precaution until spinal cord and head injuries are excluded. 3 There was only one case of perforated tympanic membrane compared to Carte (7%), Cooper (50%) and Wetli (>80%). 5, 7, 16 Most of the lightning strike injuries were minor (87.5%) with no long-term complications and included transient neurological deficit and trauma related injuries. This was different from other studies that showed a 74% significant morbidity rate amongst survivors of lightning strike. 16 The investigations were essentially normal and no case of rhabdomyolysis was documented. Those who sustained minor injuries required either no admission or 1-2 days of admission with no significant inpatient complication. The need for routine inpatient admission for cases of lightning strike should be evaluated according to injuries sustained rather than from the mere fact that they have been victims of lightning strike. Most patients with minor injuries can be safely discharged after their initial electrocardiogram and cardiac enzymes are shown to be normal and they are well after two to four hours of observation.
The conclusions drawn from this study were limited since it was a retrospective study involving patients from only one A&E department near the airport. Moreover, those who died at scene were excluded from this study. Further studies that include other A&E departments and the forensic department would yield a more accurate picture of lightning injury profile in Singapore.
Conclusion
The majority of cases of lightning injuries were workrelated with a large proportion being aircraft and crane associated. The bulk of injuries documented were minor with no long-term complications noted. In light of this study, it is suggested that institutions with lightning-prone activities should have lightning policy and educate their workers and recreation participants to decrease the incidence of lightning injuries. Patients who appear dead at scene after a lightning strike should be actively resuscitated since the injuries are potentially reversible. Those who have not suffered any serious initial injury would probably not require in-patient care.
